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Abstract
Benefits of n-3 polyunsaturated fatty acids (PUFAs) against cardiovascular diseases have
been reported. Vascular tone regulation is largely mediated by endothelial factors whose
release is modulated by sex hormones. Since the incidence of cardiovascular pathologies
has been correlated with decreased levels of sex hormones, the aim of this study was to
analyze whether a diet supplemented with the specific PUFA docosahexaenoic acid (DHA)
could prevent vascular changes induced by an impaired gonadal function. For this purpose,
control and orchidectomized rats were fed with a standard diet supplemented with 5% (w/w)
sunflower oil or with 3% (w/w) sunflower oil plus 2% (w/w) DHA. The lipid profile, the blood
pressure, the production of prostanoids and nitric oxide (NO), and the redox status of biolog-
ical samples from control and orchidectomized rats, fed control or DHA-supplemented diet,
were analyzed. The vasodilator response and the contribution of NO, prostanoids and
hyperpolarizing mechanisms were also studied. The results showed that orchidectomy neg-
atively affected the lipid profile, increased the production of prostanoids and reactive oxy-
gen species (ROS), and decreased NO production and the antioxidant capacity, as well as
the participation of hyperpolarizing mechanisms in the vasodilator responses. The DHA-
supplemented diet of the orchidectomized rats decreased the release of prostanoids and
ROS, while increasing NO production and the antioxidant capacity, and it also improved the
lipid profile. Additionally, it restored the participation of hyperpolarizing mechanisms by acti-
vating potassium. Since the modifications induced by the DHA-supplemented diet were
observed in the orchidectomized, but not in the healthy group, DHA seems to exert cardio-
protective effects in physiopathological situations in which vascular dysfunction exists.
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Introduction
The endothelium plays a pivotal role in the regulation of vascular tone through the release of
vasoactive factors such as nitric oxide (NO), prostanoids, reactive oxygen species (ROS) and
hyperpolarizing factors [1]. It is well known that NO-induced vasodilation is mediated through
the activation of soluble guanylate cyclase, by increasing levels of cyclic guanosin monophos-
phate (cGMP) and cGMP-dependent protein kinase activity in the vascular smooth muscle of
the arterial wall [2,3]. However, vascular functionality of endothelial NO depends on its bio-
availability as NO can be metabolized into different ROS.
Prostanoids are synthesized from arachidonic acid metabolism through the cyclooxygenase
(COX) pathway. Apart from their involvement in platelet aggregation and inflammation, they are
also important regulators of vascular tone in health and disease [1,4]. Hyperpolarizing factors and
mechanisms also participate in the regulation of vessel tone by activating potassium channels,
which are responsible for the control of membrane potential [2,5]. Calcium-dependent (KCa) and
ATP-dependent (KATP) potassium channels are widely expressed in vascular tissue [6,7]. The release
of an endothelium derived hyperpolarizing factor (EDHF) has been proposed and while the nature
of EDHF remains to be defined, studies have suggested that hyperpolarization may result from
endothelial release of different substances such as NO [8], superoxide anion [9] and other ROS [10].
Altered production and/or vascular effects of those factors could induce vascular dysfunction,
leading to the development of different cardiovascular disorders such as atherosclerosis, hyperten-
sion and ischemia [1,11]. Over the years, different pharmacological treatments have been developed
to mitigate the effects of these alterations such as antihypertensives, β-blockers, statins and aspirin
[12–14]. Recently, studies have focused on nutritional interventions, with particular interest being
paid to n-3 polyunsaturated fatty acids (PUFAs). For example, eicosapentaenoic acid (20:5n-3) or
docosahexaenoic acid (DHA; 22:6n-3), that are found in seafood and fish oil supplements, due to
their beneficial effects on cardiovascular diseases [15]. Antithrombotic, anti-inflammatory, and vaso-
protector effects of PUFAs on the cardiovascular system have been reported [16–18]. Additionally,
hyperpolarizing effects of PUFAs, contributing to the vasorelaxation through the activation of potas-
sium channels have also been observed [19]. Nevertheless, controversy exists as not all studies pro-
vide a clear and conclusive idea regarding the benefits of PUFAs against cardiovascular diseases [20].
On the other hand, it is well established that sex hormones regulate vascular function by
altering the release and cell signaling pathways of endothelial factors that could lead to vascular
dysfunction. In this regard, we have demonstrated that the loss of gonadal function modifies
the production of vasoconstrictor prostanoids [21–24], superoxide anion [25–27] and NO
[28]. Since the number of vascular pathologies matching with decreased levels of sex hormones
is increasing [29,30], it would be of interest investigate whether a DHA-supplemented diet
could prevent vascular changes induced when an impaired gonadal function exist (i.e.: aging,
hypogonadism, and pharmacological treatment of prostate cancer). Therefore, the objective of
this work is to analyze how a DHA-supplemented diet affects the lipid profile, the blood pres-
sure, the production of prostanoids and NO, and the redox status of biological samples from
control and orchidectomized rats. The vasodilator response and the contribution of NO, pros-
tanoids and hyperpolarizing factors were also analyzed.
Materials and Methods
Animals, diets and experimental groups
The protocol was approved by the Animal Ethics Committee of the Universidad Autónoma de
Madrid (Ref. CEI-37-829) and procedures were performed according to the European Union
directives 63/2010UE and Spanish regulation RD 53/2013.
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Male Sprague-Dawley rats (4 months old) were housed in the Animal Facility of the Univer-
sidad Autónoma de Madrid (Registration number ES-20079-0000097) under 12 hour light/
dark cycles and standard feeding with fodder and water ad libitum. After 1 week of adaptation
animals were fed a maintenance diet for rodents (Global Diet 2014, Harlan Laboratories Inc.
Indianapolis, Indiana, USA) supplemented with fat (5%). The controls-diet groups were sup-
plemented with sunflower oil (5%) and the DHA groups with 4.5% Marinol C-38 (lipid Nutri-
tion) and adjusted to 5% with sunflower oil. Nutrient content and energy distribution of each
diet is summarized in Table 1. After 2 weeks on the control- or DHA-diet, animals were
divided into two subgroups: control (C) and orchidectomized (ORX) male rats. Male sex hor-
mone deprivation was induced by orchidectomy at 18 weeks of age under anesthesia by iso-
fluorane inhalation. Rats were treated with 0.30 mg/kg meloxicam SC (Metacam 5 mg/ml;
Boehringer-Ingelhelm) immediately after surgery and with 50 mg/kg ibuprofen, via oral
administration for 4 days. Animals were maintained on experimental diets for six more weeks.
At the end of the treatment, rats were sacrificed (6 months old) by CO2 inhalation and decapi-
tation. The observation of seminal vesicles atrophy confirmed successful surgery. The aorta
was carefully dissected out, cleaned of connective tissue and placed in Krebs-Henseleit solution
(KHS) (containing, in mM: NaCl 115, CaCl2 2.5, KCl 4.6, KH2PO4 1.2, MgSO4 1.2, NaHCO3
25, glucose 11,1, Na2 EDTA 0.03) at 4°C. The investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the USA National Institutes of Health (NIH publi-
cation No. 85.23 revised 1985). This study was approved by the Ethical Committee of the Uni-
versidad Autónoma de Madrid.
Blood pressure measurement
Systolic blood pressure was indirectly measured in awake animals by the tail-cuff method
[23,24] before and after the treatment using a Letica Digital Pressure Meter LE5000 (Barcelona,
Spain).
Blood biochemical analysis
Triglycerides, total cholesterol, LDL cholesterol, HDL cholesterol, glucose and creatinine in
plasma were determined using an automated analyzer (Beckman Coulter-Former Olympus
Diagnostics AU 5420, Nyon, Switzerland).
Release of prostanoids
After a stabilization period in KHS at 37°C for 30 minutes (pH 7.4), aortic rings from each
group of rats was followed by 2 wash periods of 10 min using 0.2 mL of KHS. Once fresh KHS
was replaced, arteries were exposed to 1 μM noradrenaline (NA) for 2 minutes and then to
cumulative ACh concentrations (0.1 nM-10 μM) at 1-minute interval. Then, the medium was
collected and stored at -80°C until used. Production of TXA2, PGI2, PGF2α and PGE2 induced
Table 1. Nutrient and energy content of experimental diets.
Control Diet DHA Diet
Carbohydrates (g/100g) 59.84 59.84
Protein (g/100g) 14.39 14.39
Total Fat (g/100g) 9.19 9.19
DHA + EPA 2.01
Energy (kcal/100g) 271.78 271.78
doi:10.1371/journal.pone.0142039.t001
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by ACh, were monitored by measuring their stable metabolite TXB2, 6-keto-PGF1α, 13,
14-dihydro-15-keto PGF2α and PGE2, respectively, using the respective enzyme immunoassay
kit (Cayman Chemical). Results were expressed as pg prostanoid/mg tissue.
Production of nitric oxide
The fluorescent probe 4,5-diaminofluorescein was used to specifically evaluate NO production,
as previously reported [25,26]. Briefly, aortic segments from each group of rats were cryopro-
tected with 30% w/v sucrose in PBS, frozen and stored at -80°C. After a washing period with
PBS, the artery segments were opened to uncover the artery lumen to allow a better penetrance
of the probe. Then the segments were immersed in N-(2-hydroxyethyl)piperazine-N0 2-eth-
ane-sulfonic acid (HEPES) buffer (in mM: NaCl 119, HEPES 20, CaCl2 1.2, KCl 4.6, KH2PO4
0.4, MgSO4 1, NaHCO3 5, glucose 5.5, Na2H2PO4 0.15; pH 7.4) containing 4,5-diaminofluores-
cein (0.5 μM), and incubated in a light-protected, humidified chamber at 37°C for 45 min.
Then, the segments were mounted on glad slides and imaged on a confocal microscope. Images
were obtained with a LEICA (TCS ST2 DM IRE2) laser scanning confocal microscope (excita-
tion 495 nm, emission 515 nm). Laser and image settings were unchanged for the acquisition
of images from the three groups of rats. The photomicrographs show the intensity and location
of 4,5-diaminofluorescein, which reflects NO production, so that comparison of these groups
could be made. To analyze fluorescence intensity the ImageJ Analysis Software (National Insti-
tutes of Health) was used. Although DAF-2 is widely used as detector for NO, it can also react
with intermediate products of the oxidation of NO. Therefore, in previous studies, experiments
were performed in the presence of the NO synthesis inhibitor L-NAME, in which the fluores-
cence was abolished [26,31]. The amount of NO released was expressed as arbitrary units.
The basal production of NO was also measured by using a nitrite colorimetric assay kit
(Cayman Chemical). Briefly, after a stabilization period in KHS at 37°C for 30 minutes (pH
7.4), aortic rings from each group of rats was followed by 2 wash periods of 10 min using 0.2
mL of KHS. Then, the medium was collected and stored at -80°C until assay performed. The
assay was carried out according to the manufacturer’s protocol and the absorbance was mea-
sured at 540 nm. Data were expressed as relative levels to control rats fed control-diet (= 1).
Detection of superoxide anion
Hydroethidine, an oxidative fluorescent probe, was used to evaluate superoxide anion levels in
situ, as previously described [25,27]. Aortic segments from the four groups were cryoprotected
with 30% (w/v) sucrose in PBS, frozen and stored at -80°C. After a washing period with PBS,
the artery segments were opened to uncover the artery lumen to allow a better penetrance of
the probe. Then the segments were immersed in HEPES buffer containing hydroethidine
(5 μM), and incubated in a light-protected, humidified chamber at 37°C for 30 min. Segments
were mounted on glad slides and imaged on a confocal microscope. Images were obtained with
a LEICA (TCS ST2 DM IRE2) laser scanning confocal microscope (excitation 488 nm, emis-
sion 610 nm). Laser and image settings were unchanged for the acquisition of images from the
three groups of rats. The photomicrographs show the intensity and location of hydroethidine,
which reflects superoxide production, so that comparison of these groups could be made. To
analyze fluorescence intensity the ImageJ Analysis Software (National Institutes of Health) was
used. In a previous study, we reported that the fluorescence emitted by HE came from superox-
ide production since the fluorescence diminished in vessels pretreated with tempol, a mem-
brane-permeable of SOD [25]. The amount of superoxide formation was expressed as arbitrary
units.
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Detection of hydrogen peroxide
Hydrogen peroxide levels in serum samples and aortic rings were measured by using a fluores-
cence H2O2 assay kit (Cayman Chemical). Serum samples from each group of rats were col-
lected upon the day of sacrifice and, frozen at -80°C and used directly to perform the assay.
Frozen samples of aortic segments were homogenized at 4°C in RIPA buffer containing 50 mM
Tris-HCl (pH 8), 150 mMNaCl, 1% (w/v) deoxycholic acid, 1% (v/v) NP-40, 1% (v/v) SDS,
100 mMNaF, 1 mMNa3VO4, and a protease inhibitor cocktail (Calbiochem) supplemented
with freshly prepared 1 mM phenylmethylsulfonyl fluoride. Samples were centrifuged at
16,000 g during 30 min at 4°C and the supernatant was collected and used to the assay, which
was carried out according to the manufacturer’s instructions. The fluorescence at 530 and 590
nm excitation and emission wavelengths, respectively, was registered in a 96-microplate reader
(Multiskan Ascent, Labsystems). Some assays were performed in the presence of catalase, an
H2O2 scavenger, to ensure the specificity of the method. Supernatants were also used to quan-
tify protein concentration by the bicinchoninic acid assay using the BCATM Protein Assay Kit
(Pierce). Data were expressed as μmol/μg protein for serum samples and nmol/mg protein for
aortic tissue.
Detection of oxygen radical scavenging capacity (ORAC)
The antioxidant activity in serum samples and in aortic vascular wall was analyzed by using the
hydrophilic oxygen radical scavenging capacity (ORAC) assay, as previously reported [32].
The sample processing was identical to that explained in the preceding section. The assay was
carried out according to the manufacturer’s instructions and the fluorescence read at 485 and
528 nm excitation and emission wavelengths, respectively (Multiskan Ascent, Labsystems).
Data were expressed as values relative to control rats fed control-diet.
Vascular reactivity
The method used for isometric tension recording has been previously described [21,27,33]. In
summary, aortic segments were suspended in an organ bath containing 5 mL of KHS at 37°C,
continuously bubbled with 95% O2−5% CO2 mixtures (pH 7.4). Two parallel stainless steel
pins were introduced through the lumen of the vascular segment: one fixed to the bath wall
and the other connected to a force transducer (Grass FTO3C; Grass Instruments Co., Quincy,
MA, USA); this in turn was connected to a model 7D Grass polygraph. The segments were sub-
jected to a tension of 1 g which was re-adjusted every 15 min during a 90 min equilibration
period before drug administration. After this, the vessels were exposed to KCl (75 mM) to
check the functional integrity. After a washout period the viability of vascular endothelium was
tested by the ability of 10 μMACh to relax precontracted segments with 0.1 μMNA.
Concentration-response curves to ACh (0.1 nM-10 μM) and to the nitric oxide donor
sodium nitroprusside (SNP, 0.1 nM-10 μM) were performed in NA (0.1 μM) precontracted
aortic rings from of the four groups of rats. To analyze the participation of NO and COX-deriv-
atives on the response induced by ACh, the NO synthase inhibitor L-NAME (0.1 mM) and the
nonselective inhibitor of COX-1/2, indomethacin (Indo, 10 μM), were added to the bath 30
minutes before performing the curve. To analyze the participation of hyperpolarizing factors
on the responses to SNP and ACh, arteries were precontracted with 30 mM KCl, to block
membrane hyperpolarization. To analyze the function of the KCa and KATP channels, concen-
tration-response curves to the KCa and KATP channel openers NS1619 (0.1 nM-10 μM) and
pinacidil (0.1 nM-10 μM) respectively, were also performed in NA (0.1 μM) precontracted aor-
tic rings from each group of rats.
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Reagents
Drugs used were: DAF-2, HE, L-NA hydrochloride, ACh chloride, L-NAME hydrochloride,
indomethacin, potassium chloride, SNP, NS1619 and pinacidil (Sigma-Aldrich). Stock solu-
tions (10 mM) of drugs were prepared in distilled water, except for NA which was dissolved in
NaCl (0.9%)-ascorbic acid (0.01% w/v) solution, indomethacin in 1.5 mMNaHCO3 and NS-
1619 in dimethylsulfoxide. These solutions were kept at -20°C and appropriate dilutions were
made in KHS on the day of the experiment.
Statistical analysis
Results are given as mean ± SEM (Standard Error of the Mean). The relaxation induced by
ACh or SNP was expressed as a percentage of initial contraction elicited by NA. Statistical anal-
ysis was performed by comparing the curve obtained in the presence of the different substances
with the control curve by means of two-way analysis of variance (ANOVA). For blood pres-
sure, body weight, biochemical parameters, prostanoids, NO, superoxide, hydrogen peroxide
production and ORAC, statistical analysis was done using Student’s t-test for unpaired experi-
ments. A p value of less than 0.05 was considered significant.
Results
Animal weight, systolic blood pressure and biochemical parameters
Before DHA administration, body weight and blood pressure were evaluated in the four groups
of animals, showing no statistically significant differences among the groups (Table 2). After
six weeks under the experimental diet, no significant changes in blood pressure were found. All
animals had increased in body weight to a similar extent (Table 2). As shown in Table 3, orchi-
dectomy induced a significant increase in total cholesterol concentrations and LDL cholesterol,
although HDL cholesterol was not statistically modified. Triglyceride concentrations were also
increased by the orchidectomy. The DHA-supplemented diet to the orchidectomized rats
decreased the total cholesterol, LDL cholesterol and triglyceride levels. However, the control
rats fed the DHA-diet decreased only the total cholesterol concentration. No differences were
observed in serum concentration of glucose among groups.
Release of prostanoids
Orchidectomy increased the ACh-stimulated aortic production of TXA2, PGI2, PGF2α and
PGE2 and PGE2 (Fig 1). These values were restored to similar levels found in aorta from control
animals after dietary DHA supplementation. In contrast, the DHA-diet in control rats
decreased PGE2 release and did not significantly modify the release of TXA2, PGI2, PGF2α (Fig
1).
Production of nitric oxide
After incubation with 4,5-diaminofluorescein, the fluorescence emitted was decreased in arter-
ies from orchidectomized rats respect to arteries from control rats, and it was recovered after
DHA-supplemented diet to orchidectomized rats; however, the DHA-diet did not modify the
fluorescence emitted in arteries from control rats (Fig 2A). Relative basal measurement of
nitrite levels shown similar results (arteries from control rats-control diet: 1; orchidectomized
rats-control diet: 0.14 ± 0.06, p< 0.05 vs control diet; control rats-DHA diet: 0.98 ± 0.3,
p> 0.05 vs control diet; orchidectomized rats-DHA diet: 0.77 ± 0.15, p< 0.005 vs control diet;
n = 5).
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Detection of superoxide anion
After incubation with hydroethidine, the arteries from orchidectomized rats showed a markedly
higher level of fluorescence than the arteries from control rats. This increase was reduced in the
vessels from orchidectomized rats fed with the DHA-supplemented diet. In contrast, the DHA-
diet did not affect the production of superoxide anion in control animals (Fig 2B).
Detection of hydrogen peroxide
The levels of hydrogen peroxide, in serum samples and aortic wall, were increased in orchidec-
tomized rats, which were returned to control level when orchidectomized rats fed with the
DHA-supplemented diet. The DHA-diet to control animals did not modify hydrogen peroxide
levels (Fig 3).
Antioxidant activity
The antioxidant activity in both serum and aortic wall was decreased by the orchidectomy.
DHA-diet to orchidectomized rats restored the activity up to levels similar shown in the con-
trol rats. However, the DHA-diet failed to modify the antioxidant activity in the serum from
control animals, and surprisingly decreased the activity level in the aortic vascular wall (Fig 4).
Vascular reactivity
The vasodilator response induced by ACh (0.1 nM-10 μM) in aortic segments precontracted
with NA (0.1μM) was similar in the four groups of rats (Fig 5). The vasodilator response
Table 2. Systolic blood pressure (mmHg) and body weight (g) in control (C) and orchidectomized (ORX) rats fed with a control or DHA-supple-
mented diet.
Blood pressure (mm Hg) Body weight (g)
Animal group Before diet After diet Before diet After diet
C Control (9) 149.6 ± 3 148.2 ± 3 390.9 ± 10 502.4 ± 20
C DHA (7) 145.4 ± 4 142.4 ± 6 394.9 ± 7 484.9 ± 12
ORX Control (8) 150.2 ± 2 146.4 ± 5 385.4 ± 8 477.5 ± 18
ORX DHA (11) 146.6 ± 3 143.5 ± 1 411.6 ± 10 506.5 ± 9
Values are means ± SEMs. The number of animals used is indicated in parenthesis.
doi:10.1371/journal.pone.0142039.t002
Table 3. Serum lipid profile and glucose concentration in control (C) and orchidectomized (ORX) rats fed with a control or DHA-supplemented
diet.
Serum biomarkers (mg/dL) C Control C DHA ORX Control ORX DHA
Cholesterol 121.4 ± 5.55 89.0 ± 14.57a 153.6 ± 6.49a 91.25 ± 6.42b
HDL Cholesterol 68.25 ± 4.29 59.28 ± 6.63 78 ± 4.68 70.2 ± 5.85
LDL Cholesterol 33.15 ± 3.12 26.13 ± 5.07 49.92 ± 3.9a 24.18 ± 2.73b
Triglycerides 99.20 ± 5.74 80.33 ± 18.89 141.8 ± 9.63a 83.60 ± 6.8b
Glucose 121.2 ± 12.85 150.3 ± 8.5 127.0 ± 8.4 113.0 ± 20.81
Values are mean ± SEMs. Number of animals per group, n = 5.
a Indicates difference with C Control group values.
b Indicates differences with the ORX group values.
doi:10.1371/journal.pone.0142039.t003
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induced by the NO donor SNP was not modified in any group (Fig 5), indicating that the sensi-
tivity of NO on smooth muscle was intact.
To investigate the contribution of NO or prostanoids on the vasodilator response induced
by ACh, the effect of the inhibitors of NO or prostanoids synthesis, L-NAME or indomethacin,
was examined. In the presence of L-NAME the ACh-induced relaxation was inhibited in aortic
segments from control or orchidectomized rats; the control-diet did not alter the inhibitory
effect of L-NAME, while in segments from orchidectomized rats supplemented with DHA a
small relaxation occurred (Fig 6). Incubation with indomethacin decreased the ACh-induced
relaxation response in arteries from control rats fed control diet, while it did increase the ACh-
induced response when the animals were fed DHA-diet. In aortas from orchidectomized rats
fed control- or DHA-diet, indomethacin did not modify the Ach-induced response (Fig 6).
The possible participation of hyperpolarizing mechanisms in the ACh-induced response
was also analyzed by precontracting vessels with KCl (30 mM) that blocks the membrane
hyperpolarization. Under this condition the ACh-induced response was decreased in arteries
Fig 1. Effect of orchidectomy and a DHA-supplemented diet on basal release of prostanoids from rat aorta.Release of thromboxane B2 (TXB2),
prostaglandin E2 (PGE2), PGI2 and PGF2α in aortas from control (C) and orchidectomized (ORX) rats fed with a control or with a DHA-supplemented diet.
Values are means ± SEMs. Number of animals, n = 5. *P < 0.01 compared with C rats fed Control diet; +P < 0.01 compared with ORX rats fed DHA-diet.
doi:10.1371/journal.pone.0142039.g001
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from the four groups of animals (Fig 6), but in a greater extent in aortas from orchidectomized
animals fed with a DHA supplemented diet. Since NO can also hyperpolarize the membrane of
smooth muscle cell, the participation of hyperpolarizing mechanisms on the relaxation induced
by SNP was also analyzed. In KCl-precontracted arteries the relaxation induced by SNP was
reduced in the four groups of animals (Fig 7). The SNP-induced relaxation was decreased in a
greater extent in arteries from control rats than in those from orchidectomized rats. The DHA-
diet did not significantly modify the response in arteries from control rats, while it increased
the blockage in arteries from orchidectomized (Fig 7).
Since the activation of the KCa and KATP channels causes vasodilation by hyperpolarizing
cell membrane, the effects of orchidectomy and DHA supplementation on the function of the
KCa and KATP channels were analyzed. Concentration-response curves to the KCa and KATP
channels openers NS1619 (0.1 nM-10 μM) and pinacidil (0.1 μM-10 μM), respectively, were
analyzed in NA (0.1 μM) precontracted aortic rings from the four groups of rats (Fig 8). Orchi-
dectomy partially decreased the vasodilator response induced by NS1619, which was recovered
in the orchidectomized DHA group. Orchidectomy decreased the pinacidil-induced response,
which was also recovered after DHA-supplemented diet. However, the DHA-diet failed to
modify the NS1619- and pinacidil-induced responses in arteries from control rats (Fig 8).
Discussion
The present work provides information on the different impact of a DHA-supplemented diet
to healthy or orchidectomized rats, analyzing the possible modifications in the lipid profile, in
the release of different vascular factors and in the redox status that control vascular function.
The interest of this particular experimental model is because the number of vascular
Fig 2. Effect of orchidectomy and the DHA-supplemented diet on the production of endothelial NO and superoxide anion from rat aorta.Confocal
micrographs showing in situ detection of NO (A) or superoxide anion (B) in aortic segments from control (C) and orchidectomized (ORX) rats fed with a
control diet or with a DHA-supplemented diet (DHA). The sections shown are typical preparations from five rats. Quantitative analysis of fluorescence is also
shown. Values are means ± SEMs. Number of animals, n = 5. *P < 0.01 compared with control animals; +P < 0.01 compared with ORX rats control diet.
doi:10.1371/journal.pone.0142039.g002
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pathologies matching with decreased levels of sex hormones (i.e.: aging, hypogonadism, and
pharmacological treatment of prostate cancer) is increasing [29,30]. We have previously dem-
onstrated that the release of prostanoids was increased 5 months post-orchidectomy in aorta
and mesenteric arteries [21–23,25], most likely as a consequence of increased oxidative stress
observed in these experimental conditions. In the present study we show that in aorta from 6
weeks post-orchidectomized rats the ACh-induced release of PGI2, PGF2α and PGE2 were
already increased, as observed for TXA2 release in a previous study [28]. These results showed
that the loss of gonadal function favored the onset of a pro-inflammatory environment. Dietary
supplementation with DHA prevented the increase in the prostanoids release induced by orch-
idectomy, which agrees with the described anti-inflammatory properties of PUFAs [16,17,34].
However, in control animals, this property was shown for PGE2, that was decreased, which is
in line with most of the studies describing a reduction after PUFAs-diet in healthy subjects
[35,36]. The DHA-diet did not modify the production of TXA2, PGI2 and PGF2α in control
rats, as previously reported for TXA2 production [37].
Fig 3. Effect of orchidectomy and the DHA-supplemented diet in the H2O2 content in rat serum and aorta.Relative levels of H2O2 in serum and aortic
rings from control (C) and orchidectomized (ORX) rats fed with a control or with a DHA-supplemented diet. Values are means ± SEMs. Number of animals,
n = 4. *P < 0.01 compared with control animals; +P < 0.01 compared with ORX rats control diet.
doi:10.1371/journal.pone.0142039.g003
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Regarding the production of NO, quantified by measuring nitrite production and the fluo-
rescence emitted by DAF-2, the current study shows that it was decreased in aortas from 6
weeks post-orchidectomized rats, according to previously published [28], while in aortas from
orchidectomized rats fed a DHA-supplemented diet the NO production was restored. These
results are in line with other studies describing increase in NO release by n-3 PUFA [38–40].
However, the DHA-diet did not significantly modify the release of NO in arteries from control
rats, as reported by Omura and coworkers [41] who observed that although the EPA increased
NO release, DHA had no effect. This result indicates that the effect on NO release may depend
on the specific PUFA tested. But what is more important is that the effect of a specific PUFA,
DHA in our study, on the prostanoids and NO release seems to depend on the baseline condi-
tions of the experimental treated animals.
Oxidative stress is one of the major detrimental events in the induction of vascular dysfunc-
tion. Since we already reported that 5 months post-orchidectomy increased the production of
superoxide anion [25,26,31], we now analyzed the effect of the DHA-supplemented diet on the
ROS production. The results showed that 6 weeks post-orchidectomy already increased the
production of superoxide in the aortic wall, while in arteries from orchidectomized rats fed the
DHA-supplemented diet the production of superoxide was diminished to a level similar of that
found in arteries from control rats. However, the aorta from control rats fed DHA-diet did not
Fig 4. Effect of orchidectomy and the DHA-supplemented diet in the antioxidant activity from rat serum and aortaRelative levels of H2O2 in serum
and aortic rings from control (C) and orchidectomized (ORX) rats fed with a control or with a DHA-supplemented diet. Values are means ± SEMs. Number of
animals, n = 6. *P < 0.01 compared with control animals; +P < 0.01 compared with ORX rats control diet.
doi:10.1371/journal.pone.0142039.g004
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modify the production of superoxide. Thus, superoxide production has been decreased by n-3
PUFAs in platelets from diabetic hypertensive patients [42]. DHA protects endothelial cells
culture against oxidative stress through Nrf2 activation [43] and down-regulating Nox4 [44].
These results suggest that DHA interfere with the oxidative stress in pathophysiological situa-
tions in which there is a ROS overproduction. It is important to mention that although in pre-
vious studies we reported that the fluorescence emitted by hydroethidine came from
superoxide-derived products [25,27], the specificity of this probe has been questioned because
it could generate artefacts [45–47]. Therefore, it would be desirable to use other methods in
future studies. Nevertheless, since superoxide can be metabolized to hydrogen peroxide, which
was increased in mesenteric arteries from orchidectomized rats [25], and that exerts important
vascular effects [25, 27] we also analyzed the presence of this compound in serum and aortic
wall. The results shown that orchidectomy increased the hydrogen peroxide content in both
serum and aortic samples, which were restored by the DHA-diet. These results are in agree-
ment with the modification in the superoxide anion production commented above. Here again,
control rats fed DHA-diet did not modify the hydrogen peroxide content respect to that
observed with control diet. In view of these results, the oxygen radical scavenging capacity in
serum and aortic wall was also studied. As expected, orchidectomy decreased the antioxidant
activity, which was recovered in the orchidectomized rats fed DHA-diet. DHA-diet failed to
modify the antioxidant activity in samples from control animals. The overall results on the
redox status demonstrates the antioxidant ability of DHA [48,49] and provides evidence for a
positive effect of DHA-supplemented diet to prevent vascular dysfunction caused by an imbal-
ance between the formation and elimination of ROS.
In addition to changes in the production of NO, prostanoids and ROS induced by orchidect-
omy, the lipid profile is also under control of the androgens levels, and importantly affects the
vascular function. In this regard, the orchidectomized group fed the control-diet showed an
increase in total cholesterol, LDL-cholesterol and triglycerides, according to the effect of andro-
gen deprivation on lipid profile [50]. However, the DHA-diet normalized the lipid levels in
orchidectomized rats while in control animals diminished only the total cholesterol level,
Fig 5. Effect of orchidectomy and a DHA-supplemented diet on the concentration-response curves to acetylcholine and sodium nitroprusside in
rat aorta.Concentration-response curves to acetylcholine and sodium nitroprusside in aortic segments from control (C) and orchidectomized (ORX) rats fed
with a control or a DHA-supplemented diet. Results (means ± SEMs) are expressed as percentage of inhibition of the contraction induced by 0.1 μM
noradrenaline. Number of animals, n = 5–8.
doi:10.1371/journal.pone.0142039.g005
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without modifying the rest of parameters. These results are in line with previous human [51]
and animal [52] studies showing that PUFAs intake improves the altered lipid profile.
Importantly, despite the changes in the production of NO, prostanoids, ROS and in the
lipid profile in the ORX and ORX-DHA group, the systolic blood pressure was not modified in
any group. The lack of effect of a DHA-supplemented diet on blood pressure is in agreement
with other studies where no effects were noted in the short term [53]. However, a decrease in
blood pressure has also been reported in both spontaneously hypertensive [54,55] and aged
[53] rats. Additionally, our results also suggest that the alterations in vascular function
described below are independent of hemodynamic changes.
Regarding endothelium-dependent relaxation, it was shown that 6-weeks post-orchidect-
omy did not modify the ACh-induced relaxation. The DHA-supplemented diet to control or
orchidectomized rats did not alter the ACh-induced relaxation, which is in agreement with
other studies in aged [53], hypertensive [55] or diabetic [56] rats. However, other studies have
Fig 6. Orchidectomy and DHA-supplemented diet modulate the participation of different factors in the Ach-induced responses. Effect of L-NAME
(0.1 mM) or indomethacin (Indo, 10 μM) on the concentration response curves to acetylcholine in the NA-precontracted aortic segment from control (C) and
orchidectomized (ORX) rats fed with a control diet or with a DHA-supplemented diet (DHA diet). The effect of precontracting vessels with KCl (30 mM) is also
represented. Results (means ± SEMs) are expressed as percentage of inhibition of the contraction induced by 0.1 μMNA or 30 mM KCl. Number of animals,
n = 5–8.
doi:10.1371/journal.pone.0142039.g006
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revealed that the intake of n-3 PUFAs improves the NO-mediated endothelium-dependent
vasodilation in patients with coronary artery disease [57]. These results suggest that the influ-
ence of DHA on the endothelium dependent vasorelaxation is controversial and appears to
mainly depend on the experimental conditions and the animal species.
It is noteworthy that while the release of prostanoids and NO are modified by the orchidect-
omy and restored by the DHA-diet, the endothelial-dependent vasodilator responses induced
by ACh remain unchanged in vessels from the four groups of rats. However, the contribution
of different factors such as NO, prostanoids or hyperpolarizing mechanisms cannot be ruled
out. We observed that NOS inhibition with L-NAME blocked the ACh-induced response in
aortas from control rats with control- or DHA-diet, indicating that the vasorelaxant response
to ACh is mainly due to the NO, as described for large elastic arteries [58]. In aortas from orch-
idectomized rats, the ACh-induced relaxation was also abolished by L-NAME, which coincides
with the diminished production of NO reported in aorta from these animals. However, in aorta
from orchidectomized rats fed with DHA, L-NAME did not stop the ACh-induced response,
as a very small relaxation can be observed. Considering that the sensitivity of the smooth
Fig 7. Orchidectomy and DHA-supplemented diet modulate the involvement of hyperpolarizing mechanisms in the sodium nitroprusside-induced
response.Concentration-response curves to sodium nitroprusside in NA- or KCl-precontracted aortic segments from control (C) and orchidectomized (ORX)
rats fed with a control diet or with a DHA-supplemented diet (DHA diet). Results (means ± SEMs) are expressed as percentage of inhibition of the contraction
induced by 0.1 μMNA or 30 mM KCl. Number of animals, n = 4–7.
doi:10.1371/journal.pone.0142039.g007
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muscle to NO was not modified, these results indicate that although NO is the most important
factor in the response to ACh, other mechanisms may be contributing to the relaxation in this
group of vessels. Therefore, the participation of prostanoids in the ACh-induced response were
analyzed. The results showed that the inhibition of COX-1 and COX-2 with indomethacin
decreased the vasodilator action of Ach in control rats, indicating the involvement of vasodila-
tor net effect of prostanoids in this response. However, in aorta from orchidectomized rats the
ACh-induced response was not modified suggesting that the net vasodilator effect has been
lost. This is supported by the increased production of vasoconstrictor prostanoids, which was
discussed above. Furthermore, when prostanoid synthesis is inhibited the formation of NO is
modified [22], indicating that NO may also be involved.
Despite the decreased production of prostanoids, in arteries from orchidectomized rats fed
the DHA-diet, indomethacin did not modify the ACh-induced response, which could be attrib-
uted to that DHA could reduce the sensitivity of the smooth muscle to prostanoids [59,60].
More surprising was the effect of DHA-diet in control rats, in which an increase in the Ach
response in presence of indomethacin was observed, indicating the prevalence of a net vaso-
constrictor effect of prostanoids. This result may be related to the decrease in PGE2, and indi-
cates that intake of DHA supplements not would have a beneficial effect on the vasodilator
response in healthy subjects.
Since the endothelium is able to synthesize EDHF and/or substances that hyperpolarize the
cell membrane [8–10], the participation of hyperpolarizing mechanisms in the ACh-induced
response was analyzed. Our results show that after blocking hyperpolarization [61], the
response to ACh was decreased in all groups of animals, but to a greater extent in aortas from
orchidectomized rats with DHA-supplemented diet. This suggests a participation of hyperpo-
larizing mechanisms in the relaxation induced by ACh, in particular when orchidectomized
animals are fed a DHA-supplemented diet. These results are in agreement with the hyperpolar-
izing mechanisms induced by DHA [17]. In view of these results, the hyperpolarizing effect of
NO was also investigated. These results indicate that NO partially hyperpolarizes the cell mem-
brane and that orchidectomy decreases the degree of SNP-induced hyperpolarization, which
Fig 8. Effect of orchidectomy and the DHA-supplemented diet on the function of KCa and KATP channels. Concentration-response curves to the KCa
and KATP channels openers NS1619 and pinacidi in NA-precontracted aortic segments from control (C) and orchidectomized (ORX) rats fed with a control
diet or with a DHA-supplemented diet (DHA). Results (means ± SEMs) are expressed as percentage of inhibition of the contraction induced by 0.1 μMNA.
Number of animals, n = 4–6.
doi:10.1371/journal.pone.0142039.g008
Docosahexaenoic Acid and Vasodilator Mechanisms
PLOSONE | DOI:10.1371/journal.pone.0142039 November 5, 2015 15 / 20
was restored by the DHA-diet. It is well known that KCa and KATP channels have an important
role on vascular tone regulation [5,7] and that their function may be modulated by sex hor-
mones [62–64] and PUFAs [17,65,66]. Taking into account that orchidectomy decreases the
participation of hyperpolarizing mechanisms induced by ACh or SNP, the vasodilator response
to the KCa and KATP channels openers NS1619 and pinacidil, respectively, were analyzed. We
observed that orchidectomy decreased the NS1619- and pinacidil-induced responses, which is
in line with the hyperpolarizing effects caused by the acute administration of testosterone [62–
64]. In arteries from orchidectomized DHA-supplemented rats, the vasodilator response elic-
ited by the potassium channels openers was restored up to similar levels to those found in
arteries from control rats. Therefore, the effect of DHA supplementation is in agreement with
other studies where increased activation of KCa [19,65,66] and KATP [67,68] channels have
been reported. However, the DHA-diet did not increase the activation of K channels in control
to rats, pointing out that the choice of experimental models is crucial to determine the actions
of a DHA-supplemented diet.
The results showed in the present study are of pathophysiological relevance since they pro-
vided mechanisms involved in the regulation of elastic artery function. The maintenance for
long periods of an increased oxidative stress and chronic inflammation increase the proteolytic
activity of the extracellular matrix, which could affect the integrity of aortic wall and ultimately
lead to vascular damage as observed in aortic aneurysms [69].
In summary, the results obtained in aortas from male rats showed that orchidectomy
induced the following effects: i) increased the production of prostanoids and ROS; ii) decreased
NO production and the antioxidant capacity; iii) negatively affected the lipid profile; and iv)
decreased the participation of hyperpolarizing mechanisms in the vasodilator responses, in
which KCa and KATP channels are involved. The DHA-supplemented diet of the orchidecto-
mized rats exerted anti-inflammatory and antioxidant effects by decreasing the release of pros-
tanoids and ROS, while increasing NO production and the antioxidant capacity, and it also
improved the lipid profile. Additionally, it increased the participation of hyperpolarizing mech-
anisms by activating KCa and KATP channels.
Since the modifications induced by the DHA-supplemented diet were observed only in the
orchidectomized but not in the healthy group, the overall results show that DHA exerts cardio-
protective effects in physiopathological situations in which vascular dysfunction exists. To fur-
ther explore the mechanisms of action of PUFAs in health and disease to explain these
differences more studies will be required.
Acknowledgments
The authors thank Mr. Zachary Wilde for revising the English.
Author Contributions
Conceived and designed the experiments: MF HSG CO. Performed the experiments: DMV RN
LdC. Analyzed the data: DMV RN LdCMF. Contributed reagents/materials/analysis tools: MF
CO HSG CLMT DM RB. Wrote the paper: MF.
References
1. Vanhoutte PM. Endothelial control of vasomotor function: from health to coronary disease. Circ J 2003;
67: 572–575. PMID: 12845177
2. Feletou M, Vanhoutte PM. Endothelium derived hyperpolarizing factor. Where are now? Arterioscler
Thromb Vasc Biol 2006; 26: 1215–1225. PMID: 16543495
3. Bian K, Murad F. What is next in nitric oxide research? From cardiovascular system to cancer biology.
Nitric Oxide 2014; 43: 3–7. doi: 10.1016/j.niox.2014.08.006 PMID: 25153032
Docosahexaenoic Acid and Vasodilator Mechanisms
PLOSONE | DOI:10.1371/journal.pone.0142039 November 5, 2015 16 / 20
4. Sellers MM, Stallone JN. Sympathy for the devil: the role of thromboxane in the regulation of vascular
tone and blood pressure. Am J Physiol Heart Circ Physiol 2008; 294: H1978–H1986. doi: 10.1152/
ajpheart.01318.2007 PMID: 18310512
5. Félétou M, Vanhoutte PM. EDHF: an update. Clin Sci 2009; 16: 139–155.
6. Félétou M. Calcium-activated potassium channels and endothelial dysfunction: therapeutic options? Br
J Pharmacol 2009; 156: 545–552. doi: 10.1111/j.1476-5381.2009.00052.x PMID: 19187341
7. Edwards G, Félétou M, Weston AH. Endothelium-derived hyperpolarising factors and associated path-
ways: a synopsis. Pflugers Arch 2010; 459: 863–879. doi: 10.1007/s00424-010-0817-1 PMID:
20383718
8. Bolotina VM, Najibi S, Palacino JJ, Pagano PJ, Cohen RA. Nitric oxide directly activates calcium-
dependent potassium channels in vascular smooth muscle. Nature 1994; 368: 850–853. PMID:
7512692
9. Ferrer M, Tejera N, Marín J, Balfagón G. Androgen deprivation facilitates acetylcholine-induced relaxa-
tion by superoxide anion generation. Clin Sci 1999; 97: 625–631. PMID: 10585889
10. Wei EP, Kontos HA, Beckman JS. Mechanisms of cerebral vasodilation by superoxide, hydrogen per-
oxide, and peroxynitrite. Am J Physiol 1996; 271: H1262–H1266. PMID: 8853367
11. Gutterman DD, Miura H, Liu Y. Redox modulation of vascular tone: focus of potassium channel mecha-
nisms of dilation. Arterioscler Thromb Vasc Biol 2005; 25:671–678. PMID: 15705931
12. Cohen AT, Imfeld S, Markham J, Granziera S. The use of aspirin for primary and secondary prevention
in venous thromboembolism and other cardiovascular disorders. Thromb Res 2015; 139: 217–225.
13. Varagic J, Punzi H, Ferrario CM. Clinical utility of fixed-dose combinations in hypertension: evidence for
the potential of nebivolol/valsartan. Integr Blood Press Control 2014; 7: 61–70. doi: 10.2147/IBPC.
S50954 PMID: 25473311
14. Vogt A. The genetics of familial hypercholesterolemia and emerging therapies. Appl Clin Genet 2015;
8: 27–36. doi: 10.2147/TACG.S44315 PMID: 25670911
15. Das UN. Long-chain polyunsaturated fatty acids interact with nitric oxide, superoxide anion, and trans-
forming growth factor-beta to prevent human essential hypertension. Eur J Clin Nutr 2004; 58: 195–
203. PMID: 14749737
16. Farré LA and Macaya C. Antithrombotic and Antiinflammatory Effects of Omega-3 Fatty Acids. Rev Esp
Cardiol 2006; Supl 6: 31D–37D.
17. Abeywardena MY, Head RJ. Long chain n-3 polyunsaturated fatty acids and blood vessel function. Car-
diovasc Res 2001; 52: 361–371. PMID: 11738053
18. Tabernero M, Bermejo LM, Marcos E, Caz E, Baeza F, Señorans FJ, et al. Metabolic effect of docosa-
hexaenoic acid supplementation in different doses and formulations (ethyl-and glyceryl-) in hyper-
cholesterolemic rats. J Funct Foods 2013; 5.2: 755–762.
19. Yan J, Chen R, Liu P, Gu Y. Docosahexaenoic acid attenuates hypoxic pulmonary vasoconstriction by
activating the large conductance Ca2+-activated K+ currents in pulmonary artery smooth muscle cells.
Pulm Pharmacol Ther 2014; 28: 9–16. doi: 10.1016/j.pupt.2013.11.004 PMID: 24269522
20. Enns JE, Yeganeh A, Zarychanski R, Abou-Setta AM, Friesen C, Zahradka P, et al. The impact of
omega-3 polyunsaturated fatty acid supplementation on the incidence of cardiovascular events and
complications in peripheral arterial disease: a systematic review and meta-analysis. BMCCardiovasc
Disord 2014; 14: 70. doi: 10.1186/1471-2261-14-70 PMID: 24885361
21. Blanco-Rivero J, Balfagón G, Ferrer M. Orchidectomy modulates alpha(2)-adrenoceptor reactivity in rat
mesenteric artery through increased thromboxane A(2) formation. J Vasc Res 2006; 43: 101–108.
PMID: 16293968
22. del Campo L, Sagredo A, Aras-López R, Balfagón G, Ferrer M. Orchidectomy increases the formation
of non-endothelial tromboxane A(2) and modulates its role in the electrical field stimulation-induced
response in rat mesenteric artery. J Endocrinol 2008; 197: 371–379. doi: 10.1677/JOE-07-0647 PMID:
18434367
23. Martorell A, Blanco-Rivero J, Aras-López R, Sagredo A, Balfagón G, Ferrer M. Orchidectomy increases
the formation of prostanoids and modulates their role in the acetylcholine-induced relaxation in the rat
aorta. Cardiovasc Res 2008; 77: 590–599. PMID: 18006440
24. Martorell A, Sagredo A, Aras-López R, Balfagón G, Ferrer M. Ovariectomy increases the formation of
prostanoids and modulates their role in acetylcholine-induced relaxation and nitric oxide release in the
rat aorta. Cardiovasc Res 2009; 84: 300–308. doi: 10.1093/cvr/cvp214 PMID: 19567483
25. Martín MC, Balfagón G, Minoves N, Blanco-Rivero J, Ferrer M. Androgen deprivation increases neuro-
nal nitric oxide metabolism and its vasodilator effect in rat mesenteric arteries. Nitric Oxide 2005; 12:
163–176. PMID: 15875321
Docosahexaenoic Acid and Vasodilator Mechanisms
PLOSONE | DOI:10.1371/journal.pone.0142039 November 5, 2015 17 / 20
26. Blanco-Rivero J, Sagredo A, Balfagón G, Ferrer M. Orchidectomy increases expression and activity of
Cu/Zn-superoxide dismutase, while decreasing endothelial nitric oxide bioavailability. J Endocrinol
2006; 190: 771–778. PMID: 17003278
27. Sagredo A, del Campo L, Martorell A, Navarro R, Martín MC, Blanco-Rivero J, et al. Ovariectomy
increases the participation of hyperpolarizing mechanisms in the relaxation of rat aorta. PLoS One
2013; 8: e73474. doi: 10.1371/journal.pone.0073474 PMID: 24058477
28. del Campo M, Sagredo A, del Campo L, Villalobo A, Ferrer M. Time-dependent effect of orchidectomy
on vascular nitric oxide and thromboxane A2 release. Functional implications to control cell proliferation
through activation of the epidermal growth factor receptor. PLoS One 2014; 9: e102523. doi: 10.1371/
journal.pone.0102523 PMID: 25013941
29. Cao J, Zou H, Zhu BP, Wang H, Li J, Ding Y, et al. Sex hormones and androgen receptor: risk factors of
coronary heart disease in elderly men. Chin Med Sci J 2010; 25: 44–49. PMID: 20449953
30. Güder G, Frantz S, Bauersachs J, Allolio B, Ertl G, Angermann CE, et al. Low circulating androgens
and mortality risk in heart failure. Heart 2010; 96: 504–509. doi: 10.1136/hrt.2009.181065 PMID:
19875366
31. Blanco-Rivero J, Sagredo A, Balfagón G, Ferrer M. Protein kinase C activation increases endothelial
nitric oxide release in mesenteric arteries from orchidectomized rats. J Endocrinol 2007; 192: 189–
197. PMID: 17210756
32. Tabernero M, Sarriá B, Largo C, Martínez-López S, Madrona A, Espartero JL, et al. Comparative evalu-
ation of the metabolic effects of hydroxytyrosol and its lipophilic derivatives (hydroxytyrosyl acetate and
ethyl hydroxytyrosyl ether) in hypercholesterolemic rats. Food Funct 2014; 5: 1556–1563. doi: 10.
1039/c3fo60677e PMID: 24855654
33. Nielsen KC, Owman C. Contractile response and amine receptor mechanism in isolated middle cere-
bral artery of the cat. Brain Res 1971; 27: 33–42. PMID: 4396591
34. Lagarde M, Calzada C, Guichardant M, Véricel E. Dose-effect and metabolism of docosahexaenoic
acid: pathophysiological relevance in blood platelets. Prostaglandins Leukot Essent Fatty Acids 2013;
88: 49–52. doi: 10.1016/j.plefa.2012.04.001 PMID: 22520055
35. Kelly DS, Taylor PC, Nelson GJ, Schmidt PC, Ferretti A, Erickson KL, et al. Docosahexaenoic acid
ingestion inhibits natural killer cell activity and production of inflammatory mediators in young healthy
men. Lipids 1999; 34: 317–324. PMID: 10443964
36. Trebble TM, Wootton SA, Miles EA, Mullee M, Arden NK, Ballinger AB, et al. Prostaglandin E2 produc-
tion and T cell function after fish-oil supplementation: response to antioxidant cosupplementation. Am J
Clin Nutr 2003; 78: 376–382. PMID: 12936918
37. Freese R, Mutanen M. α-Linolenic acid and marine long-chain n-3 fatty acids differ only slightly in their
effects on hemostatic factors in healthy subjects. Am J Nutr 1997; 66: 591–598.
38. Matesanz N, Park G, McAllister H, LeaheyW, Devine A, McVeigh GE, et al. Docosahexaenoic acid
improves the nitroso-redox balance and reduces VEGF-mediated angiogenic signaling in microvascu-
lar endothelial cells. Invest Ophthalmol Vis Sci 2010; 51: 6815–6825. doi: 10.1167/iovs.10-5339 PMID:
20702831
39. Wu Y, Zhang C, Dong Y, Wang S, Song P, Viollet B, et al. Activation of the AMP-activated protein
kinase by eicosapentaenoic acid (EPA, 20:5 n-3) improves endothelial function in vivo. PLoS One
2012; 7: e35508. doi: 10.1371/journal.pone.0035508 PMID: 22532857
40. Zebrowska A, Mizia-Stec K, Mizia M, Gąsior Z, Poprzęcki S. Omega-3 fatty acids supplementation
improves endothelial function and maximal oxygen uptake in endurance-trained athletes. Eur J Sport
Sci 2014; 1: 1–10.
41. Omura M, Kobayashi S, Mizukami Y, Mogami K, Todoroki-Ikeda N, Miyake T, et al. Eicosapentaenoic
acid (EPA) induces Ca(2+)-independent activation and translocation of endothelial nitric oxide synthase
and endothelium-dependent vasorelaxation. FEBS Lett 2001; 487: 361–366. PMID: 11163359
42. McDonald DM, O'Kane F, McConville M, Devine AB, McVeigh GE. Platelet redox balance in diabetic
patients with hypertension improved by n-3 fatty acids. Diabetes Care 2013; 364: 998–1005.
43. Ishikado A, Morino K, Nishio Y, Nakagawa F, Mukose A, Sono Y, et al. 4-Hydroxy hexenal derived from
docosahexaenoic acid protects endothelial cells via Nrf2 activation. PLoS One 2013; 8: e69415. doi:
10.1371/journal.pone.0069415 PMID: 23936010
44. Richard D, Wolf C, Barbe U, Kefi K, Bausero P, Visioli F. Docosahexaenoic acid down-regulates endo-
thelial Nox 4 through a sPLA2 signaling pathway. Biochem Biophys Res Commun 2009; 389: 516–
522. doi: 10.1016/j.bbrc.2009.09.013 PMID: 19737538
45. Kalyanaraman B, Darley-Usmar V, Davies KJ, Dennery PA, Forman HJ, GrishamMB, et al. Measuring
reactive oxygen and nitrogen species with fluorescent probes: challenges and limitations. Free Radic
Biol Med 2012; 52:1–6. doi: 10.1016/j.freeradbiomed.2011.09.030 PMID: 22027063
Docosahexaenoic Acid and Vasodilator Mechanisms
PLOSONE | DOI:10.1371/journal.pone.0142039 November 5, 2015 18 / 20
46. Zhao H, Kalivendi S, Zhang H, Joseph J, Nithipatikom K, Vásquez-Vivar J, et al. Superoxide reacts with
hydroethidine but forms a fluorescent product that is distinctly different from ethidium: potential implica-
tions in intracellular fluorescence detection of superoxide. Free Radic Biol Med 2003; 34:1359–1368.
PMID: 12757846
47. Papapostolou I, Patsoukis N, Georgiou CD. The fluorescence detection of superoxide radical using
hydroethidine could be complicated by the presence of heme proteins. Anal Biochem 2004; 332:290–
298. PMID: 15325298
48. Casós K, Zaragozá MC, Zarkovic N, Zarkovic K, Andrisic L, Portero-Otín M, et al. A fish-oil-rich diet
reduces vascular oxidative stress in apoE(-/-)mice. Free Rad Res 2010; 44: 821–829.
49. Chen LY, Jokela R, Li DY, Bavry AA, Sandler H, Sjöquist M, et al. Effect of stable fish oil on arterial
thrombogenesis, platelet aggregation and superoxide dismutase activity. J Cardiovasc Pharmacol
2000; 35: 502–505. PMID: 10710138
50. Smith MR. Changes in fat and lean body mass during androgen-deprivation therapy for prostate can-
cer. Urology 2004; 63: 742–745. PMID: 15072892
51. Lee TC, Ivester P, Hester AG, Sergeant S, Case LD, Morgan T, et al. The impact of polyunsaturated
fatty acid-based dietary supplements on disease biomarkers in a metabolic syndrome/diabetes popula-
tion. Lipids Health Dis 2014; 13:196. doi: 10.1186/1476-511X-13-196 PMID: 25515553
52. Chen J, Jiang Y, Liang Y, Tian X, Peng C, Ma KY, et al. DPA n-3, DPA n-6 and DHA improve lipoprotein
profiles and aortic function in hamsters fed a high cholesterol diet. Atherosclerosis 2012; 221: 397–
404. doi: 10.1016/j.atherosclerosis.2012.01.005 PMID: 22284366
53. Hashimoto M, Shinozuka K, Gamoh S, Tanabe Y, Hossain MS, Kwon YM, et al. The hypotensive effect
of docosahexaenoic acid is associated with the enhanced release of ATP from the caudal artery of
aged rats. J Nutr 1999; 129: 70–76. PMID: 9915878
54. Rousseau-Ralliard D, Moreau D, Guilland JC, Raederstorff D, Grynberg A. Docosahexaenoic acid, but
not eicosapentaenoic acid, lowers ambulatory blood pressure and shortens interval QT in spontane-
ously hypertensive rats in vivo. Prostaglandins Leukot Essent Fatty Acids 2009; 80: 269–277. doi: 10.
1016/j.plefa.2009.03.003 PMID: 19428232
55. Engler MM, Engler MB, Pierson DM, Molteni LB, Molteni A. Effects of docosahexaenoic acid on vascu-
lar pathology and reactivity in hypertension. Exp Biol Med 2003; 228: 299–307.
56. Goirand F, Ovide-Bordeaux S, Renaud JF, Grynberg A, Lacour B. Effect of dietary docosahexaenoic
acid on the endothelium-dependent vasorelaxation in diabetic rats. Clin Exp Pharmacol Physiol 2005;
32: 184–190. PMID: 15743401
57. Tagawa T, Hirooka Y, Shimokawa H, Hironaga K, Sakai K, Oyama J, et al. Long-term treatment with
eicosapentaenoic acid improves exercise-induced vasodilation in patients with coronary artery disease.
Hypertens Res 2002; 25: 823–829. PMID: 12484504
58. Lucas A, Grynberg A, Lacour B, Goirand F. Dietary n-3 polyunsaturated fatty acids and endothelium
dysfunction induced by lysophosphatidylcholine in Syrian hamster aorta. Metabolism 2008; 57: 233–
240. doi: 10.1016/j.metabol.2007.09.006 PMID: 18191054
59. Sato K, Chino D, Sugimoto T, Kanai K, Obara K, Miyauchi S, et al. Pharmacological characteristics of
the inhibitory effects of docosahexaenoic acid on vascular contractions studied in rat mesenteric artery.
Pharmacology 2014; 93: 229–243. doi: 10.1159/000360543 PMID: 25012911
60. Ruan D, So SP. Screening and identification of dietary oils and unsaturated fatty acids in inhibiting
inflammatory prostaglandin E2 signaling in fat stromal cells. BMC Complement Altern Med 2012; 12:
143. doi: 10.1186/1472-6882-12-143 PMID: 22938033
61. Khan SA, MathewsWR, Meisheri KD. Role of calcium-activated K+ channels in vasodilation induced
by nitroglycerine, acetylcholine and nitric oxide. J Pharmacol Exp Ther 1996; 267: 1327–1335.
62. Tep-areenan P, Kendall DA, Randall MD. Testosterone-induced vasorelaxation in the rat mesenteric
arterial bed is mediated predominantly via potassium channels. Br J Pharmacol 2002; 135: 735–740.
PMID: 11834621
63. Yue P, Chatterjee K, Beale C, Poole-Wilson PA, Collins P. Testosterone relaxes rabbit coronary arter-
ies and aorta. Circulation 1995; 91: 1154–1160. PMID: 7850954
64. Seyrek M, Yildiz O, Ulusoy HB, Yildirim V.Testosterone relaxes isolated human radial artery by potas-
sium channel opening action. J Pharmacol Sci 2007; 103: 309–316. PMID: 17380036
65. Wu KT, Huang CT, Wei J, Tsait LM, Hsu CH, Chen YC, et al. Vasodilator action of docosahexaenoic
acid (DHA) in human coronary arteries in vitro. Chin J Physiol 2007; 50: 164–170. PMID: 17982914
66. Wang RX, Chai Q, Lu T, Lee HC. Activation of vascular BK channels by docosahexaenoic acid is
dependent on cytochrome P450 epoxygenase activity. Cardiovasc Res 2011; 90: 344–352. doi: 10.
1093/cvr/cvq411 PMID: 21187320
Docosahexaenoic Acid and Vasodilator Mechanisms
PLOSONE | DOI:10.1371/journal.pone.0142039 November 5, 2015 19 / 20
67. Engler MB, Engler MM. Docosahexaenoic acid-induced vasorelaxation in hypertensive rats: mecha-
nisms of action. Biol Res Nurs 2000; 2: 85–95. PMID: 11337819
68. Hirafuji M, Machida T, Hamaue N, Minami M. Cardiovascular protective effects of n-3 polyunsaturated
fatty acids with special emphasis on docosahexaenoic acid. J Pharmacol Sci 2003; 92: 308–16. PMID:
12939515
69. Guzik B, Sagan A, Ludew D, Mrowiecki W, Chwała M, Bujak-Gizycka B, et al. Mechanisms of oxidative
stress in human aortic aneurysms-Association with clinical risk factors for atherosclerosis and disease
severity. Internat J Cardiol 2013; 168: 2389–2396.
Docosahexaenoic Acid and Vasodilator Mechanisms
PLOSONE | DOI:10.1371/journal.pone.0142039 November 5, 2015 20 / 20
